Introduction
Scanning probe microscopy (SPM) has been used in a wide variety of fields extending from the basic researches to the industrial applications. Nowadays, SPM is regarded as one of the major nano characterization methods. Specifically, atomic force microscopy (AFM) is the technique to be most often used in the SPM family. The most general use of AFM analyses is the three-dimensional topography imaging of various sample surfaces at the nanoscale. Specifically, with the development of the three-dimensional nanoscale devices for the information and communication field in recent years, the establishment of the precise and quantitative morphology imaging of artificial nanoscale structures on the substrate surfaces is strongly demanded. 1 Generally, the probe height image (topography image) along the vertical (z) axis of the AFM method is thought to represent the real morphology of the sample surface. However, due to the finite dimensions of the probe tip acting with the surface, the observed AFM topography image is dilated from the actual shape of the sample surface morphology.
Some techniques to restore the true surface morphology from the actually observed AFM image using the probe tip shape have been proposed. 2, 3 In those techniques, the probe shape functions must be correctly sought beforehand. To restore the original profile, a numerical erosion procedure using a precise probe shape function need to be performed. 3 Various methods of seeking proper probe shape functions have been tested so far, such as the scanning electron microscopy (SEM) observation and the use of the standard sample so-called tip characterizers. [4] [5] [6] The tip characterizers have minute one-dimensional (1-D) diffraction gratings with steep side walls. Those conventional methods for the evaluation of AFM probe shapes have some disadvantages. In the case of the SEM method, only the projection image of the probe shape onto the two-dimensional plane can be obtained. The tip characterizers with the 1-D diffraction gratings can give only the section profile of the probe tip along the direction of the fast scan axis. Moreover, because there is a significant possibility of the probe shape change while measuring AFM, the development of an in-situ technique where AFM measurement itself can evaluate its probe shape is strongly demanded.
In this research, we propose a novel technique for the extraction of probe shape functions from AFM topography images of the artificial nanostructures with known shapes, such as standard nano-sphere particles 7 and rectangular parallelepiped nanostructures. Then we demonstrate that it is possible to reconstruct the more accurate morphology of the sample surfaces from the dilated AFM images.
Theory and Simulation
When the sample surface is relatively flat on the atomistic scale, it is suitable to express the influence of the probe tip shape on the AFM topography imaging by a convolution integral with the probe shape function. On the other hand, when the unevenness or roughness of the sample surface is somewhat larger than the atomic size, it is much more appropriate to express the AFM imaging by the dilation operation which is one of the fundamental concepts of mathematical morphology. Here, which part of the probe tip is approaching closest to or making a contact with the sample surface is most important. Interaction from any part which does not make a contact with the surface is not considered. The establishment of more accurate imaging of surface microstructures is needed. The most significant distortion in atomic force microscopy (AFM) imaging is induced by the probe tip shape, whenever the sample surface contains features whose dimensions are comparable to the probe tip size. The acquired AFM image is the dilation between the tip shape and the sample topography. To restore the original topographical profile, a numerical erosion procedure using a precise probe shape function is required. Here, a new technique for reconstruction of probe shape function using a well-defined nanostructure is proposed. First, AFM topography images of the given-shape nanostructure dispersed on flat substrates are taken. Then, a probe shape function is determined by a numerical calculation procedure. By using the experimentally determined probe shape function, the most probable surface morphologies from the observed AFM topography images of unknown samples can be extracted. 
Here, z(x, y) is a function describing the measured image of the top surface of the sample, while s(x, y) is a function representing the true surface morphology. Meanwhile t(x, y) represents a function describing the surface of the probe tip apex, where the coordinates of the topmost point of the tip are set as the origin. Finally, p(x, y) means -t(-x, -y), describing the reflection of the probe shape function through the origin.
On the contrary, the reconstruction of the actual surface morphology from the measured AFM image and the probe shape function is expressed as an erosion operation in the concept of mathematical morphology. The restored surface morphology sr(x, y) is described by the following equation:
By the processing of the dilation and erosion operations, while scanning the AFM probe of the finite tip size, the measured and reconstructed AFM images can be expressed as shown in Fig. 1 . The general procedure for the AFM image reconstruction is as follows. Firstly, the AFM topography images of the reference nanostructures with given shapes, dispersed on flat substrates, are acquired. Then, the probe shape function for the AFM probe in use is determined by the numerical calculation. By using the experimentally determined probe shape function, the most probable surface morphology can be extracted from the observed AFM topography image of an unknown actual sample.
On the other hand, it is possible to reconstruct the tip apex shape of the probe from the measured AFM image of a standard sample whose actual surface morphology is known. The reconstructed tip shape pr is given by the following equation:
Here the way of taking the proper coordinates and ranges requires being paid attention. From the known surface morphology, the unevenness area whose abruptness is similar to Fig. 1 The conventional mathematical morphology model for AFM imaging (dilation) and reconstruction (erosion). or larger than that of the tip apex shall be taken as the operation area. In this research, the area of standard nanoparticles or rectangular parallelepiped nanostructures on flat surfaces will correspond to this. The highest point in the area shall be taken as the origin. Out of the reconstructed tip shape extracted from this operation, there is a meaning only for the area which makes contact with the sample surface. The remainder area should have a value sufficiently larger than the unevenness used for the reconstruction operation. Therefore, the AFM images which can be restored using the probe shape functions should have the unevenness smaller than that of the reference samples used for the reconstruction of the tip apex shapes. As a typical example of tip shape reconstruction, the case of using a right rectangular prism as the known nanostructure is shown in Fig. 2 .
Experimental
To ascertain the effectiveness of the developed program, we applied it to the AFM topography images of the standard spherical nanoparticles. The nanosphere particles used were made of polystyrene and were commercially available (NANOSPHERE, Duke Scientific Inc.). The values of diameter of the used nanospheres ranged from 22 ± 1.5 to 97 ± 3 nm, such values were authenticated by NIST. The reference samples for AFM observation were prepared as follows. Firstly, a water solution including the nanospheres was diluted with deionized water by about 1000 times. Droplets of the diluted water solution were dripped on clean Si(001) substrates with a syringe and were dried naturally in air. Then the AFM measurements were performed using a commercial closed-loop multifunction SPM system (XE-100, Park System Inc.) in the atmosphere. As for the probe tips, commercial silicon cantilevers with a sharp tip apex (SSS-NCHR, Nanosensors Inc.) were used. The typical values for spring constant and resonant frequency were 42 N/m and 330 kHz, respectively. The measurement mode is an amplitude modulation noncontact AFM mode. During the AFM scanning, in addition to the topography images, the error signal, phase, and amplitude images were measured simultaneously. The error signal images are useful to judge whether or not feedback conditions were appropriately optimized. In this research, phase and amplitude images were not analyzed in detail. However, since these images can reflect the differences of the surface physical properties of the surfaces, it may be possible to extract important information on the influence over the topography image by the difference of the materials.
AFM data acquisition was performed after waiting until the drift could be sufficiently ignored and the reliability could be sufficiently confirmed. Measurement parameters such as scan speed, feedback gain, and setpoint for amplitude attenuation were optimized by evaluating the line-scan profiles along the forward and backward directions. After confirming that the parameters had reached the optimized conditions, and that the scanning probe had followed the surface morphology without delay and oscillation, then AFM imaging was performed on the reference samples with the nanospheres on Si(001) substrates.
After the data acquisition, an AFM image including a single nanosphere particle was selected for the reconstruction of the shape of the probe tip. The probe shape function was extracted by making an approximation that the selected nanosphere particle was a true sphere. Moreover, using this tip shape function, the reconstruction of the surface morphology was performed for some AFM images. After the AFM measurements, the shape and the distribution of the standard nanosphere particles on Si(001) wafers and the shape of the tip apex of the AFM probe used were observed by using field-emission scanning electron microscopy (FE-SEM, JSM-6500F, JEOL Inc.).
Results and Discussion
The area where the nanosphere particles were distributed separately on the flat surface without any aggregation was observed by the AFM imaging. As a typical example, the AFM topography image for the standard nanosphere particle with about 100 nm diameters is shown in Fig. 3(a) . The height of the Fig. 3 (a) The AFM topography image of a standard nanosphere (diameter = ~100 nm) on a Si(001) wafer and the cross-sectional line profile. (b) The FE-SEM image of the standard nanosphere (diameter = ~100 nm) on a Si(001) wafer.
nanosphere particle was about 86 nm whereas the apparent diameter was found to be about 115 nm, which is more than 30% larger than the height.
In Fig. 3(b) , the FE-SEM image of a standard nanosphere particle that is identical with the sample used for the AFM measurement is shown. The FE-SEM observation shows that there is some distribution in the diameter of the nanosphere particles. The average of the diameters was about 95 nm and the projected shape was approximately a perfect circle. Therefore, it is reasonable to say that the shape of these nanoparticles can be approximately considered as a true sphere.
The probe shape function was extracted by the mathematical morphology processing from the AFM topography image of the standard nanosphere particle of Fig. 3(a) , which is shown in Fig. 4(a) . This reconstructed tip apex shape is found to be in a good agreement with the FE-SEM images (Figs. 4(b) and 4(c) ) of the same probe tip observed after the AFM measurements. Therefore, it can be concluded that the estimation of the probe shape function using a standard nanosphere particle was appropriately performed.
Then the extracted probe shape function was applied to the reconstruction of the AFM topography images measured using the identical probe. Some typical examples are shown in Fig. 5 The corrected surface shape of the top-half of the nanosphere particle is found to be in good agreement with the shape of the true sphere. As shown in Fig. 5(a) , according to the measured AFM topography image, there is a significant discrepancy between the height (84 nm), and the diameter (113 nm), indicating that the raw AFM imaging could not tell the actual shape of the nanosphere particle. On the other hand, after the image reconstruction processing, one finds that the diameter of the nanosphere particle shrinks to 82 nm and agrees well with that of the true sphere within about 2% of errors.
In the case of the line-and-space pattern, whereas the measured AFM image indicates that the width of the line part is much wider than the specification value of 66 nm, it is found that the line width becomes approximately equal with the designed width after the reconstruction processing.
From the above findings, one can conclude that the estimation of the probe shape function by using the artificial nanostructures with known 3-D shapes such as standard nanosphere particles is appropriate and reliable. Moreover, it is effective to use the 3-D probe shape function for the correction of the tip apex shape effect of the AFM topography imaging.
Conclusions
Here we propose a technique to estimate the shape of the probe tip apex of AFM in use by the measurement of the artificial nanostructures with given shapes. The shape of the tip apex can be quantitatively estimated over a wide range by measuring a known nanostructure beforehand at a wide range of magnifications. A prototype program which can extract the 3-D shape of the probe tip apex from AFM images has been developed successfully. In this prototype software, there are many parts which are not automated yet. Thus, in order to make the program effective for practical use, it is necessary that the probe shape function can be automatically extracted by inputting the measured AFM data of the known nanostructure.
Our next future goal is to develop the practical software enabling the AFM users to correct the tip shape effect of the AFM imaging easily, and to compare mutually the corrected images even if they are measured with different probe tips, and moreover to make our program open to the public.
